Introduction {#Sec1}
============

Plant growth promoting rhizobacteria {#Sec2}
------------------------------------

Bacteria are the most ubiquitous organisms known and tend not to be evenly distributed. That is, the concentration of bacteria around the roots of plants is generally much higher than the concentration found in the bulk soil. This reflects the fact that the small molecules (e.g. sugars, organic acids and amino acids) exuded from plant roots in large amounts (i.e. 5--30% of all photosynthetically fixed carbon) are commonly used as food sources for bacteria (Babalola [@CR14]; Carvalhais et al. [@CR27]).

Many of the bacteria that are found around plant roots (the rhizosphere) have the ability to facilitate plant growth and consequently are called plant growth-promoting bacteria or PGPB. In addition to organisms that inhabit the rhizosphere, PGPB also include various strains of rhizobia that form nodules on the roots of specific plants (legumes) and endophytes that can exist within the interior tissues of a plant (Santoyo et al. [@CR122]). Today, several PGPB have been commercialized as either biocontrol agents or biofertilizers (Calvo et al. [@CR26]; Reed and Glick [@CR115]). This review looks at the different known mechanisms used by PGPB and comments regarding the relative importance of some of these mechanisms.

Mechanisms of actions of PGPB {#Sec3}
-----------------------------

PGPB can promote plant growth by both direct and indirect mechanisms (Glick [@CR54]). Direct mechanisms are defined as employing those bacterial traits that result in the direct promotion of plant growth. They include the production of auxin, ACC deaminase, cytokinin, gibberellin, nitrogen fixation, phosphorous solubilization, and sequestration of iron by bacterial siderophores. Indirect mechanisms refer to bacterial traits that inhibit the functioning of one or more plant pathogenic organisms both fungi and bacteria. Indirect mechanisms include ACC deaminase, antibiotics, cell wall degrading enzymes, competition, hydrogen cyanide, induced systemic resistance, quorum quenching and siderophores. In addition to the aforementioned methods used by PGPB to control phytopathogens, biocontrol of some bacterial phytopathogens may be obtained through the selective use of bacteriophages (Balogh et al. [@CR16]; Frampton et al. [@CR46]). Bacteriophages have been used to control phytopathogens such as *Erwinia amylovora* (Boulé et al. [@CR22]), and *Ralstonia solanacearum* (Fujiwara et al. [@CR49]). Commercial applications such as Agriphage which is used for the control of *Pseudomonas syringae* pv. tomato and *Xanthomonas campestris* pv. Vesicatoria (Iriarte et al. [@CR76]).

Various PGPB often possess one or more of the above mentioned traits so that in addition to certain bacteria being more suitable in specific environments (e.g. high versus low temperatures or specific pH ranges), there are a wide range of PGPB, each differing in activities under different environmental and soil conditions. In fact, no single organism has the ability to make use of all the available mechanisms that could be used to promote plant growth (Saharan and Nehra [@CR119]). In addition, several PGPB inoculants that enhance plant growth through at least one of these mechanisms have been commercialized (Reed and Glick [@CR115]).

Direct mechanisms {#Sec4}
=================

Auxin {#Sec5}
-----

The most reported mechanism predominantly used to explain the positive PGPB effects on plant growth is their ability to produce auxin. Patten and Glick ([@CR102]) reported that about 80% of rhizosphere microbes could synthesize and release auxin as a secondary metabolite. Quite a number of known auxins occur naturally with indole-3-acetic acid (IAA) standing out as the most relevant (Spaepen et al. [@CR131]). In fact throughout the literature, auxin is often interchanged with IAA. Other similar compounds that have been reported to have auxin activity, some of which are actively involved in the anabolism of IAA are indole-3-acetamide, indole-3-pyruvate, and indole-3-acetaldehyde shown in Fig. [1](#Fig1){ref-type="fig"}.

Fig. 1Some known derivatives of IAA

Inactive forms of auxin include 4-chloroindole-3-acetic acid and other forms which can be conjugated with sugars, alcohols, amino acids, and glycoproteins (Korasick et al. [@CR83]). Auxins function in geotropism and phototropism, vascular tissue differentiation, apical dominance, root initiation (lateral and adventitious), cell division, stem and root elongation (Grobelak et al. [@CR65]). Rhizobacterial IAA changes plant auxin pools, ultimately increasing root length and surface area, and in the process increasing the level of root exudates available for uptake by plants as shown in the work of Ali et al. ([@CR7]).

IAA/Auxin synthesis occurs dominantly in the shoot apex, transported to the root apical meristem via the shoot vascular cambium and accrued in the quiescent center (QC), which is the columella initials and lateral root cap (Brunoud et al. [@CR24]; Petrášek and Friml [@CR107]). All known carrier proteins of auxin are PINs, ABCB and AUX1/LAX which are activated by the triggering of a signaling cascade involving the F-box protein Transport Inhibitor Response 1 (TIR1) auxin receptor (Petrášek and Friml [@CR107]). During embryogenesis, there is the control of primary root development by the stem cell niche. Beyond embryogenesis, auxin-plethora complex stabilizes the positioning as well as maintenance of the niche. But plethora (PLT) which is the downstream transcription factor of auxin acts independently to the transcription factors shortroot (SHR) and scarecrow (SCR) (Aida et al. [@CR6]; Grieneisen et al. [@CR64]). When SHR moves to the nuclei of adjacent cells and activation of SCR is effected which allows the cell differentiation inhibition and maintenance of surrounding stem cells by down regulation of cytokinin sensing (Moubayidin et al. [@CR97]). Alleviation of cytokinin sensing in the transit zone regulates PINs negatively leading to release of auxin again. The efflux of auxin causes differentiation to be initiated again in the cell (Ioio et al. [@CR75]; Marhavý et al. [@CR91]).

Different plants are sensitive to different levels of auxin; this includes different plant species and cultivars as well as plants of different ages (Cheng et al. [@CR32]). In addition, the optimal level of auxin that is effective in promoting plant growth is approximately five orders of magnitude lower for roots when compared with the shoots (Glick [@CR55]). Moreover, the concentration of plant-synthesized auxin determines its effect on the stimulation or inhibition of plant growth. Plant's auxin concentrations may be either suboptimal or optimal so that the addition of bacterial auxin that can be taken up by the plant may change the hormone level in the plant to either optimal or supraoptimal (Glick [@CR55]). Thus, bacterial IAA produced by a PGPB may either stimulate root development in cases where the plant's concentration is suboptimal, or inhibit root development in cases where the auxin level is already optimal (Spaepen et al. [@CR130]).

Most auxin/IAA is synthesized from the amino acid tryptophan present in plant root exudates at varying low concentrations based on the plant's genotype. IAA appears to be synthesized by at least three different biosynthetic pathways with each pathway being named for a key intermediate within the pathway. These pathways include: the indole pyruvic acid (IPyA) pathway, the indole acetamide (IAM) pathway, the indole acetaldoxime (IAOx)/indoleacetonitrile (IAN) pathway (Duca et al. [@CR44]), the indole acetaldehyde (IAH) pathway, and the tryptamine pathway (Fig. [2](#Fig2){ref-type="fig"}). It should be noted that various PGPB can have one, two or even three functional IAA biosynthesis pathways suggesting that the synthesis of IAA is clearly very important in the life and functioning of the bacterium. A schematic representation of bacterial IAA biosynthesis from tryptophan is shown in Fig. [2](#Fig2){ref-type="fig"}.

Fig. 2Schematic representation of the known pathways of IAA synthesis in bacteria. The dashed lines represent non-enzymatic reactions

The chromosome or the plasmid hots the auxin biosynthetic genes and this difference in hosts affects the IAA level with plasmid hosts found in many copies. A case study is that observed between *P. savastanoi* pv. *savastanoi* and *P. syringae* pv. *Syringae* where the genes are located on the plasmid and chromosomal DNA respectively (Aragón et al. [@CR11]). The IAM pathway is majorly attributed to phytopathology, while the IPA pathway is connected to epiphytic and rhizosphere fitness. The *ipdC* gene which is one of the genes involved in IAA synthesis in PGPB are regulated by the amount of IAA produced which serve as a positive feed-back in up-regulating the expression of the gene (Spaepen and Vanderleyden [@CR129]). This positive feed-back was reported in *A. brasilience* Sp245 as the first PGPB to show this observation (Broek et al. [@CR23]). IAA is actively involved in its biosynthetic genes as it determines the activation, inactivation, over expression or under expression of these genes. Other regulatory mechanisms of IAA synthesis are reported in the work of Glick ([@CR58]).

ACC deaminase {#Sec6}
-------------

The presence of ethylene hormone in all higher plants, characterizes its importance in the modulation of normal cell development and plant growth as well as its significant role in helping plants to combat various levels of stress (Abeles et al. [@CR2]). Nearly all plant tissues and stages of development are affected by ethylene. Ethylene synthesis in a particular plant is affected by the presence and concentration of other plant hormones, temperature, gravity, light, nutrition, and the presence of various degrees of biotic/abiotic stress which the plant may be subjected (Gamalero and Glick [@CR51]). An increased concentration of ethylene in plants is a response to various stresses including the presence of metals, extreme temperatures, chemicals (both organic and inorganic), too much or too little water, ultraviolet light, insect and nematode damage, fungal and bacterial pathogens as well as mechanical wounding (Ali et al. [@CR8]; Barnawal et al. [@CR19]). Its production more than its threshold level by the action of ACC oxidase enzyme in plant tissues causes "stress ethylene" which affects the root and shoot development in plants. Colonization of "stress ethylene" plant rhizosphere by ACC deaminase producing PGPB help to alleviate this situation and restores normal plant development. The synthesis of "stress ethylene" includes the ethylene being synthesized in two peaks (Glick et al. [@CR61]) with the first peak being a small fraction of the magnitude of the second peak. The first peak, which is small and difficult to measure, consumes the much of the existing 1-aminocyclopropane-1-carboxylate (ACC) in stressed plants and initiates the transcription of genes that encode plant defensive/protective proteins. The second, much larger, ethylene peak which occurs as a result of increased level of ACC in response to stress is detrimental to subsequent plant growth, initiating processes in the plant such as senescence, chlorosis and leaf abscission (Yim et al. [@CR145]). The upregulated concentration of plant ethylene significantly worsen the effects of the original stress that triggered the ethylene response so that any treatment that down regulates the concentration of the second peak of stress ethylene should also be able to reduce/stop the plant damage resulting from the stress. In this regard, bacteria that express ACC deaminase, by lowering plant ACC levels (and subsequently plant ethylene levels) can decrease the detrimental effect on plants from different stresses (Glick [@CR56]). The ACC is being converted by ACC deaminase in the PGPB to α-Ketobutyrate and ammonia (Fig. [3](#Fig3){ref-type="fig"}). Prior application of ACC deaminase-containing PGPB to plants typically lowers the concentration of ethylene synthesized by the plants in response to pathogen stress and thereby decreases the damage that the plant incurs from the pathogen (Glick [@CR55]; Toklikishvili et al. [@CR132]). To date, this approach has been shown to be quite effective with a variety of plants and with numerous different pathogens. However, these results have so far been limited to greenhouse and growth chamber experiments. Proteins encoding the gene that regulates ethylene biosynthesis are classified as the ETR proteins. The first member of these proteins was identified in mutant *Arabidopsis* in the works of Bleecker et al. ([@CR21]).

Fig. 3Schematic representation of the stimulation of plant growth by a PGPB containing ACC deaminase. Stress increases both IAA and ethylene synthesis within the plant ultimately decreasing plant growth. With PGPB strains that contain ACC deaminase, ethylene levels are decreased thereby relieving some of the growth inhibition that increased ethylene causes. This enables the bacterial IAA to continue to promote plant growth. Thus, PGPB that produce both IAA and ACC deaminase lower the extent that a wide range of environmental stresses inhibit plant growth. *SAM* S-adenosyl-methionine. These PGPB protect plants against the inhibitory effects of ethylene-producing stresses that include drought, flooding, temperature extremes, high salt, metal and organic contaminants, insect and nematode predation, and both fungal and bacterial phytopathogens

It was previously suggested that PGPB bound to plant roots (or found within plant tissues) can take up some of the tryptophan exuded by plants and convert the tryptophan to IAA, which is then secreted by the bacterium and taken up by the plant (Glick [@CR56]). The increased amount of IAA can both facilitate plant growth and activate the transcription of the plant enzyme ACC synthase resulting in an increase in the level of ACC and hence the amount of ethylene within the plant. Thus, PGPB that synthesize IAA from plant tryptophan can both promote plant growth and inhibit plant growth (via the action of the ethylene that is eventually produced). Fortunately, PGPB that contain ACC deaminase decrease the level of (newly formed) ACC in the plant by the action of ACC deaminase enzyme, enabling bacterial IAA to promote plant growth without significantly inhibiting plant growth. In addition, by decreasing the level of ethylene in the plant, ethylene inhibition of auxin signal transduction is lowered allowing the bacterial auxin to further increase plant growth. Thus, by the down-regulation of plant ethylene levels, ACC deaminase facilitates the functioning of bacterial IAA. This model is depicted schematically in Fig. [3](#Fig3){ref-type="fig"}. The ACC is ultimately converted to ammonia and α-ketobutyrate.

Cytokinins {#Sec7}
----------

Cytokinins are widely distributed in algae, bacteria, and higher plants; however, relatively little information is available on the roles of bacteria-produced cytokinins. They are produced in the root tips and transported through the xylem to the shoot by translocation. Cytokinins control cell differentiation in plant meristematic tissues (De Rybel et al. [@CR40]). Kinetin was the first cytokinin to be discovered, however, it is considered a "synthetic" cytokinin due to its source which is yeast, not plants (Miller et al. [@CR94]). The widely known form in plants is zeatin, which was firstly isolated from corn (*Zea mays*) (Schäfer et al. [@CR123]). In plants, cytokinins are primarily synthesized in roots although they are distributed throughout the plant. There are two groups of cytokinins based on their structure, the adenine type and the phenyl urea type. The adenine type includes kinetin and zeatin, while the phenyl urea type includes diphenyl urea and thidiazuron (Fig. [4](#Fig4){ref-type="fig"}). Cytokinins regulate apical dominance, cell division, root elongation, seed germination, xylem and chloroplast differentiation, flower and fruit development, nutritional signaling, leaf senescence, and plant-pathogen interactions (Sakakibara [@CR120]).

Fig. 4**a** Adenine-derived cytokinins.**b** Diphenylurea-type cytokinins

Expression of cytokinin genes is relatively evident in several PGPB, and their addition to growing plants can largely alter the plant's phytohormone composition. Cytokinin content and plant growth has been increased with the inoculation of lettuce with *Bacillus subtilis* (Arkhipova et al. [@CR12]). Roles played by cytokinins in some experiments are based on the addition of purified hormones to individual plants. From these experiments, cytokinins have been shown to carry out senescence delay by accumulation of chlorophyll, cell tissue formation, root development, elongation and hair formation, initiation of stem, and expansion of leaves (Sakakibara [@CR120]).

In one particular instance, a genetically engineered strain of *Sinorhizobium meliloti* which overproduces cytokinin was tested for the ability to protect alfalfa plants against the senescence resulting from drought stress (Xu et al. [@CR142]). The transformed bacterium production of cytokinin was approximately five times more than the production by the wild type. Following a period of extreme drought stress, there was a tremendous increase in size of the alfalfa plants inoculated with the transformed strain compared to the plants inoculated with the non-transformed strain. This experiment indicates that rhizobial strains synthesizing higher than normal levels of cytokinin are able to improve the drought tolerance of alfalfa.

Mimicking the same actions in primary root development, auxin is being antagonized by cytokinin by preventing the development of lateral root system (Chang et al. [@CR30]; Schaller et al. [@CR124]). This is majorly shown in a study with Arabidopsis. While it is not decreased in the transition zone, the level of sensitivity to it seems reduced (Bielach et al. [@CR20]; Marhavý et al. [@CR92]) just as it was in the cytokinin inhibition in the quiescent center by SCR.

Gibberellin (GA) {#Sec8}
----------------

Gibberellins include a large group of tetracyclic diterpenoid carboxylic acids having either C~20~ or C~19~ carbon skeletons (Dodd et al. [@CR42]; Hedden and Thomas [@CR70]). 136 gibberellin structures have been identified and are represented as GA~1~--GA~136~ (Hedden and Thomas [@CR70]). Only 4 GAs have been identified in bacteria; GA~1~,GA~3~, GA~4~, and GA~20~ (Gupta et al. [@CR67]), with GA~1~ and GA~4~ being the most active (Nelson and Steber [@CR99]). Gibberellins are known for growth stimulation and activation of important growth processes including stem elongation, seed germination, flowering, fruit setting (Zaidi et al. [@CR149]), improve photosynthesis rate, and chlorophyll content (Khan et al. [@CR78]; You et al. [@CR146]). Along with other phytohormones, they are transducers of elicitor signals. However, despite the enormous abundance of different gibberellins, the biological activity and role of gibberellin molecules are largely unknown. GA~1~, GA~3,~ GA~4,~ and GA~7~ (Fig. [5](#Fig5){ref-type="fig"}) still remains the predominantly known bioactive forms.

Fig. 5The chemical structure of GAs

PGPB production of GAs has been observed in the following genera *Achromobacter xylosoxidans, Gluconobacter diazotrophicus, Acinetobacter calcoaceticus, Rhizobia, Azotobacter* spp., *Bacillus* spp., *Herbaspirillum seropedicae*, and *Azospirillum* spp. (Deka et al. [@CR41]; Dodd et al. [@CR42]). The biochemistry of gibberellins in bacteria is similar to that of plants with some small differences. The absence of GAs is readily observed as a reduction of the lateral root number and length (Dodd et al. [@CR42]). As is the case for cytokinins, most of the currently attributed functional role of bacterially produced gibberellins in plant growth promotion is due to plant's response to the exogenic addition of purified gibberellins to growing plants. Moreover, while the gibberellin biosynthetic pathways in plants and fungi are known, the same cannot be said about bacteria. Gibberellins can induce shoot growth and development and also inhibit root growth through the actions of the gibberellin signaling system, the, DELLA repressor which activates gibberellin-inducing genes (Martínez et al. [@CR93]; Minguet et al. [@CR95]; Nelson and Steber [@CR99]; Wang et al. [@CR140]).

Nitrogen fixation {#Sec9}
-----------------

Nitrogen is one of the important nutrients essential for the growth of all living organisms including plants and bacteria. The observation of nitrogen deficiency in soil has led to the use of large amounts of nitrogenous fertilizers in order to make up for the necessary plant requirements to achieve maximum plant yield in most soils (Zhang et al. [@CR151]). Despite nitrogen's abundance in the earth's atmosphere, about 78%, this form of gaseous nitrogen \[N~2(g)~\] is not readily accessible to most organisms, i.e. it is not suitable for plant assimilation until it is first converted to ammonia (Baas et al. [@CR13]). This conversion to ammonia requires a significant amount of energy because of the stability of the triple bond in N~2(g)~. This energy may be provided at the expense of fossil fuels, through biological nitrogen fixation at the expense of ATP (Fig. [6](#Fig6){ref-type="fig"}), and through other mechanisms of nitrogen input in terrestrial systems. Broad range of nitrogen fixing bacteria have been identified including a number of organisms that fix nitrogen symbiotically with specific plants (mostly legumes). Examples of symbiotic nitrogen fixers are *Rhizobium, Sinorhizobium, Azorhizobium, Allorhizobium, Mesorhizobium, Bradyrhizobium, Frankia, Azoarcus, Achromobacter, Burkholderia*, and *Herbaspirillum* (Babalola [@CR14]; Pérez-Montaño et al. [@CR106]; Turan et al. [@CR134]).

Fig. 6Biological nitrogen fixation driven by ATP hydrolysis

Rhizobia are gram-negative bacteria that form symbiotic relationships majorly with legumes; each rhizobial-plant interaction is specific. Aside legumes, some cereal crops have been reported to be colonized by rhizobia as some studies have been carried out to investigate nitrogen fixation in some cereal crops by rhizobial bacteria (Geddes et al. [@CR53]; Oldroyd and Dixon [@CR101]). Rhizobial bacteria colonize plant root cells and initiate a complex trend of developmental changes that lead root nodule formation (Gage [@CR50]). In the root nodule, the bacteria exists as a bacteroid without a cell wall, fixing atmospheric nitrogen by means of the nitrogenase enzyme and producing ammonia. In this mutualistic relationship, the plant on its own part provides the bacterium with fixed carbon (organic acids) from photosynthesis which the bacterium requires for growth while as it continues to fix nitrogen in the nodules.

Various rhizobial strains have been used commercially to provide fixed nitrogen to crop plants for many years, and in numerous locales worldwide. On the other hand, while there are, numerous bacteria other than rhizobia that have the ability to fix atmospheric nitrogen, in practice most free-living bacteria fix only a limited amount of nitrogen and are therefore not employed commercially.

One unsuitable side reaction in the activities of the nitrogenase enzyme in nitrogen fixation is the reduction of H^+^ to H~2~ (hydrogen gas) because the hydrogen gas produced is lost to the atmosphere leading to a waste of the ATP expended in its production (Fig. [6](#Fig6){ref-type="fig"}). This side reaction significantly lowers the overall efficiency of the nitrogen-fixing process by approximately 30%. On the contrary, some strains of rhizobia have an enzyme called hydrogenase (Adams et al. [@CR4]) that can take retrieve the lost H~2~ from the atmosphere and convert it back into H^+^ for the production of ATP which can be used for more nitrogen fixation. These strains help to conserve energy while fixing nitrogen at the same time.

Phosphate solubilization {#Sec10}
------------------------

Bacteria that solubilize phosphorus are referred to as phosphate solubilizing bacteria (Alori et al. [@CR9]). They supply phosphate in a more acceptable way to the plants and are not deleterious to the environment. They convert insoluble organic and inorganic phosphate to a form which can be readily accessible to plants. Environmental conditions, plant and soil conditions, and bacterial strains all affect the actions of phosphate solubilizers (Gupta et al. [@CR66]). According to Banerjee et al. ([@CR17]), the most powerful phosphate solubilizers are from the genera *Bacillus, Rhizobium*, and *Pseudomonas*, as well as non-symbiont nitrogen fixers such as *Azotobacter* and *Azospirillum* (Saharan and Nehra [@CR119]).

The principal mechanism of inorganic phosphate solubilization is the use of mineral-dissolving compounds like hydroxyl ions, organic acids, protons, siderophores, and carbon dioxide (CO~2~) (Rodríguez and Fraga [@CR116]). Organic acids produced together with their carboxyl and hydroxyl ions chelate cations or reduce the pH resulting in the release of phosphates (Khosro [@CR79]). The organic acids which are either gluconic or keto gluconic acids are produced and excreted by phosphate solubilizing bacteria resulting in the acidification of the microbial cells and their surroundings, hence, phosphate ions are released. The lowered pH results from the production of proton/bicarbonate release and gaseous "O~2~/CO~2~" exchanges (Sharma et al. [@CR126]). Thus, the pH of the rhizosphere and phosphorous availability are inversely connected.

The value of organic phosphorus in soil can be as high as 30--50%. The main sources of organic phosphorus in the soil are organic materials in the form of inositol hexaphosphate (phytate). Phytate (Fig. [7](#Fig7){ref-type="fig"}) is generally not biologically available to plants because plant roots produce very low amount of phytase enzyme which breaks down phytate. However, many PGPB can solubilize phytate. Other organic phosophorus compounds include phosphomonoesters, phosphodiesters, phospholipids, nucleic acids, and phosphotriesters (Rodríguez and Fraga [@CR116]). Most of these organic compounds are high molecular-weight materials that must be broken down to lower molecular weight organic phosphate, before they can be assimilated by the cell (Peix et al. [@CR105]). In fact, the term phosphorus mineralization refers to the solubilization of organic phosphorus and the degradation of the remaining portions of the molecule which is triggered by the unavailability of sufficient phosphate in the soil.

Fig. 7The chemical structure of phytate

Siderophores {#Sec11}
------------

Siderophores are small peptide molecules that have side chains and functional groups to which ferric ions can bind (Goswami et al. [@CR63]). They are iron chelators that serve as iron carriers and have a high affinity for some ligands. Quite a large number of them have been screened and used from microbes and they can also be species-specific (Sandy and Butler [@CR121]). Siderophore-producing microbes can prevent or lessen pathogen proliferation by reducing the amount of iron that is available to a pathogen (Shen et al. [@CR127]). PGPB that synthesize siderophores prevent the proliferation of phytopathogens by secreting siderophores with an extremely high affinity for iron. These siderophores bind tightly to most of the Fe^3+^ that is present in the rhizosphere of the host plant taking up the bound iron into either the PGPB or the host plant. This prevents any fungal and bacterial pathogens in the host plant rhizosphere, where the biocontrol PGPB is bound, from acquiring enough iron for their growth. Thus, the pathogens are unable to proliferate because of a lack of iron, causing them to lose the ability to act as pathogens. The effectiveness of this method of biocontrol is based on the fact that PGPB siderophores have a much higher affinity for iron (typically by many orders of magnitude) than fungal siderophores (Kloepper et al. [@CR81]).

Activities of siderophores as iron chelaters have been shown in different studies such as siderophores from *Chryseobacterium* spp. C138 which were effective in the supply of iron in tomato plants when delivered to the roots (Radzki et al. [@CR113]), another case is seen in the supplementation of Pseudomonas strains which showed significant increase in germination and plant growth (Sharma and Johri [@CR125]), another effect was seen in the work of Sharma and Johri ([@CR125]).

Iron uptake {#Sec12}
-----------

Iron has an important role to play in the plant photosynthetic system as it is an integral part of the light-absorbing chlorophyll and is also involved in a wide range of different biosynthetic mechanisms. However, the amount of soluble iron present is often not sufficient for maximal crop yields.

Despite the fact that iron is one of the most abundant elements on the earth's surface, plants and many soil microbes cannot readily absorb enough iron for their growth because of the insolubility of the iron, ferric (Fe^3+^) hydroxides, which is only slightly soluble and cannot be readily conveyed into the cells (Ganz [@CR52]; Saha et al. [@CR117]). To solve this problem, some bacteria, fungi and plants secrete low molecular mass (\~ 400--1000 Da), specialized low molecular weight iron-binding molecules called siderophores into the soil to scavenge iron (DalCorso et al. [@CR37]; Saha et al. [@CR117]). In particular, siderophores produced by PGPB bind to Fe^3+^ with an exceptionally high affinity (i.e., Kd = 10^−20^--10^−50^). Once bound, the now soluble iron-siderophore complex is taken up by specific receptors on the surfaces of bacteria or plants, internalized and then following either reduction to the ferrous state (Fe^2+^) or cleavage of the siderophore molecule, the iron is released from the siderophore (Saha et al. [@CR117]). Typically, siderophores produced by PGPB have a much higher affinity for iron than siderophores produced by either plants or fungi so that siderophores from PGPB can sequester even minute amounts of iron (Saha et al. [@CR118]).

Siderophores are low molecular weight molecules with three iron-binding groups connected by a flexible backbone (Saha et al. [@CR117]). Two oxygen atoms are connected to each functional group, or sometimes, nitrogen, that bind to iron. These functional groups are bidentate (Fig. [8](#Fig8){ref-type="fig"}), and trivalent ferric iron can successfully take up three of these groups thereby forming a six-coordinate complex (Glick [@CR59]). The functional groups on microbial siderophores are majorly hydroxamates or catecholates; or other functional groups such as carboxylate, citrate or ethylenediamine moieties (Laschat et al. [@CR87]). These functional groups can be present in a combined form on a single siderophore molecule. Hydroxamate-type siderophores are common with fungi, while catecholates, which bind iron more tightly than hydroxamates, are common in bacterial siderophores (Glick [@CR59]; Saha et al. [@CR118]). Linear hydroxy- and amino-substituted iminocarboxylic acids e.g. mugineic acid and avenic acid are plant siderophores, they tend to bind iron more efficiently than bacterial siderophores (Glick [@CR59]). Other negatively charged molecules have lower affinity for iron than bacterial siderophores. In addition, some other trivalent and divalent metal ions also bind bacterial siderophores, though with a much lower affinity.

Fig. 8Schematic representation of three bidentate groups of a siderophore molecule binding to iron

Indirect mechanisms {#Sec13}
===================

On average, various plant diseases reduce plant yields by around 10%/year in more developed countries and by about 20%/year in less developed countries of the world (<http://www.fao.org/home/en/>). In an effort to decrease the widespread use of chemicals as a means of preventing phytopathogen damage to plants, scientists have been developing the use of certain environmentally friendly PGPB as biocontrol agents (Glick and Bashan [@CR60]; Lucy et al. [@CR90]) with many of these organisms already available commercially.

Antibiotics {#Sec14}
-----------

The major mechanism that used by PGPB to counter deleterious effects of phytopathogens is the synthesis of one or more antibiotics (Couillerot et al. [@CR36]; Haas and Keel [@CR68]; Raaijmakers and Mazzola [@CR112]). However, an antibiotic that is recognised to control a pathogen thereby preventing plant damage from that pathogen might not be as such effective against another pathogen on the same plant, and the antibiotic-synthesizing PGPB may show varying differences in its actions at different field conditions. Moreover, the activity of a biocontrol bacterium can be altered by the method of cultivation and formulation of the biocontrol PGPB in the laboratory prior to use and its mode of application (Glick [@CR59]).

In general, antibiotics role for disease suppression by biocontrol PGPB comes from two types of experiments (de Jesus Sousa and Olivares [@CR39]). On the one hand, non-antibiotic synthesizing mutant bacteria were concomitantly found to have lost all, or a large part, of the ability to prevent plants damage caused by the target phytopathogen(s) (Heimpel and Mills [@CR71]). On the other hand, in those instances where it has been possible to isolate and purify specific antibiotics from biocontrol PGPB, it was subsequently shown that the purified antibiotics were inhibitory to the same spectrum of phytopathogens as the biocontrol PGPB strain itself (Glick [@CR59]).

Many antibiotics have been derived from bacteria of the genera *Bacillus* and *Pseudomonas*. They produce a variety of metabolites which serve as antifungal, antibacterial, antihelminthic, antiviral, antimicrobial, phytotoxic, antioxidant, cytotoxic, and antitumor agents. For *Bacillus*, they are either derived from the ribosome or the non-ribosomal peptide and/or polyketide synthetases (NRPSs/PKS). Examples include Tas A, sublancin, subtilosin, bacilysin, chlorotetain, subtilin, bacillaene, surfactin, iturin, and fengycin while from Pseudomonas we have Ecomycins, 2,4-Diacetyl Phloroglucinol (DAPG), Pseudomonic acid, Phenazine-1-carboxylic acid (PCA), Pyoluteorin, Pyrrolnitrin, OomycinA, Cepaciamide A, Viscosinamide, Butyrolactones, Zwittermycin A, Aerugine, Azomycin, Rhamnolipids, Cepafungins, Kanosamine, and Karalicin (Goswami et al. [@CR63]). Antibiotic gene clusters have been identified in *Bacillus subtilis* 168 and *Bacillus amyloquefaciens* FZB42; they are srf, bmy, fen, nrs, dhb, bac, mln, bae, dfn, and act by coordinating the biosynthesis of peptides and polyketides by the NRPSs and PKS enzymes (Chang et al. [@CR29]).

Cell wall degrading enzymes {#Sec15}
---------------------------

Numerous plants respond to infection by fungal phytopathogens by activating the plant-encoded synthesis of a number of fungal cell wall degrading enzymes. The enzymes include chitinase which degrades chitin (Husson et al. [@CR73]), it is a residue of β-(1, 4)-*N*-acetyl glucosamine polymer and an integral part of the cell wall of many phytopathogenic fungi; β-1,3-glucanase, another cell wall carbohydrate (Vaddepalli et al. [@CR135]); protease, which can degrade cell wall proteins; and lipase, which can degrade some of the cell wall-associated lipid, all of which can to some extent individually lyse fungal cells (Friedrich et al. [@CR48]; Gortari and Hours [@CR62]). In addition to the plant-encoded cell wall degrading enzymes, some biocontrol PGPB synthesize a similar panel of cell wall degrading enzymes (Chernin et al. [@CR33]). Proof of the efficacy of these enzymes typically comes from laboratory experiments in which PGPB strains that have been genetically transformed with genes encoding these cell wall degrading enzymes are shown to become more effective biocontrol agents (Koby et al. [@CR82]). Chitinase genes can be overexpressed and strains co transformed with the insertion of acetamidase gene amds as was seen in different studies where the pyruvate constitutive promoter successfully improved chitinase activity in modified strains (Kowsari et al. [@CR85]; Limon et al. [@CR88]). Chitinases, peroxidases and β-1,3-glucanases are part of the PR proteins and their activation can actually induce ISR in plants (Yedidia et al. [@CR143]). Bacillus sp. JS was shown to cause an upregulation of the PR-2 and PR-3 genes which encode β-1,3-glucanase and chitinase respectively (Kim et al. [@CR80]).

Competition {#Sec16}
-----------

In addition to mechanisms where a biocontrol PGPB produces substances that are inhibitory to phytopathogens per se, it is possible for some biocontrol PGPB to outcompete the phytopathogens, either for nutrients or for binding sites on the plant root (Barahona et al. [@CR18]; Innerebner et al. [@CR74]). Such competition can act to limit the binding of the phytopathogen to the plant thereby making it difficult for it to proliferate. However, since it is not always possible to create mutants of PGPB that are either more or less competitive for binding to the plant surface, there are a relatively limited number of unequivocal demonstrations of the ability of biocontrol PGPB to outcompete phytopathogens and thereby prevent their functioning. In fact, it is generally thought that PGPB competitiveness works together with other biocontrol mechanisms to thwart the functioning of phytopathogens. Example of competition for nutrients in biocontrol of *Pythium aphanidermatum* damping-off was studied in the work of Elad and Chet ([@CR45]). Another example was seen in the work of Porcel et al. ([@CR111]) showing the competitiveness of Bacillus megaterium in the enhancement of tomato plant growth.

Hydrogen cyanide {#Sec17}
----------------

A number of biocontrol PGPB have the ability to synthesize hydrogen cyanide (HCN). If the HCN produced by these bacteria were the only biocontrol mechanism being used in most instances, the low level of HCN would not be particularly effective at preventing the proliferation of most fungal phytopathogens. However, it is often the case that biocontrol PGPB that can produce HCN also synthesize some antibiotics or cell wall degrading enzymes (Ramette et al. [@CR114]). Moreover, it has been observed that the low level of HCN synthesized by the bacterium improves the effectiveness of antifungal directed against fungal pathogens thereby ensuring that the fungi do not develop resistance to the particular antifungal in question. Thus, HCN synthesized by PGPB appears to act synergistically with other methods of biocontrol employed by the same bacterium.

HCN toxicity is effected in its ability to inhibit cytochrome c oxidase as well as other important metallo-enzymes (Nandi et al. [@CR98]). Many bacterial genera such as Rhizobium, Pseudomonas, Alcaligenes, Bacillus, and Aeromonas have shown to be HCN producers (Ahmad et al. [@CR5]; Das et al. [@CR38]; Zachow et al. [@CR148]). Suppression of tomato root knot disease caused by *Meloidogyne javanica* have been attributed to the effect of HCN (Siddiqui et al. [@CR128]) as well as the control of *Odontotermes obesus*, a crop pest in India (Kumar et al. [@CR86]).

Induced systemic resistance (ISR) {#Sec18}
---------------------------------

Induced systemic resistance (ISR) is a process in which non-pathogenic microbes, including a number of PGPB, alleviate the deleterious effects of plant pathogens by activating a resistance mechanism in the plants (Van Loon et al. [@CR137]). ISR has been studied in many rhizobacteria-inoculated plants (Halfeld-Vieira et al. [@CR69]) and, as initially demonstrated by Van Peer and Schippers ([@CR136]), protected plants against growth inhibition, using *Pseudomonas fluorescens* strain WCS417r against the fungal pathogen *Fusarium oxysporum* f. sp. *dianthi*. Pre-treatment of plants with an appropriate PGPB can prime the plant to react faster and more strongly to a subsequent pathogen attack by inducing plant defense mechanisms. ISR does not target specific pathogens but rather primes the plant against a range of different pathogens, and it is not only expressed at the site of induction only.

Plants develop resistance in response to pathogen infection, insect attack, microbes' colonization or after treatment with chemicals but this induced state is expressed by activating the "dormant" defense mechanisms which become expressed in response to external contacts from pathogens, insects etc. ISR confers a high level of protection which is controlled by a network of coordinated signaling pathways which are dominated and majorly regulated by plant hormones sharing signaling components (Pieterse et al. [@CR109], [@CR110]; Walters et al. [@CR139]).

Several different PGPB have been reported to produce salicylic acid (SA) that can act as a signal molecule to turn on a mechanism similar to ISR in plants that is called "systemic acquired resistance" or SAR (Chen et al. [@CR31]). However, SAR is usually induced by phytopathogens *per se*, and salicylic acid is generally not considered to play a role in PGPB-induced plant resistance to phytopathogens (Zhang et al. [@CR150]). Thus, while the PGPB that produce SA may activate plant phytopathogen-protective mechanisms, this trait is considered to be extremely rare in PGPB compared to ISR. Furthermore, SAR is coordinated by the activation of pathogenesis related (PR) genes which encode PR proteins. One of the best characterized PR gene is PR-1 which is mostly used as a biomarker for SAR (van Loon et al. [@CR138]).

The protein involved majorly in the regulation of ISR and SAR is the redox-regulated protein nonexpressor of PR genes1 (NPR1). It is synthesized in the cytoplasm as an oligomer through intermolecular disulfide bonds and since its discovery in 1994, its function in transcriptional regulation has been well documented. Its importance has been shown in the jasmonic acid/ethylene dependent ISR activated by *P. fluorescens* WCS417r (Pieterse et al. [@CR108]) as well as many other PGPBs (Abo-Elyousr et al. [@CR3]; Lucas et al. [@CR89]; Weller et al. [@CR141]; Yi et al. [@CR144]). The NPR-1 protein which is encoded by the npr-1 gene activates SAR establishment by activating PRs genes after receiving signal from the accumulation of SA (Pieterse et al. [@CR108]).

PGPB-mediated ISR and SA-dependent SAR are coordinated by different signaling pathways which was supported by the observations that both PGPB-mediated ISR and pathogen-induced SAR are effective control mechanisms, but their degree of effectiveness are slightly different (Ton et al. [@CR133]).

Quorum quenching {#Sec19}
----------------

In the environment, bacterial cells use the mechanism of quorum sensing to detect the presence of similar (as well as different) types of bacteria. With growing bacterial cells, once they have attained a certain critical cell density, the bacteria "sense" the cell density (through the production of chemical signals) and start to alter their metabolism by turning on different sets of genes (Cornforth et al. [@CR35]), so that similar bacteria that are proximal to one another may begin acting in a coordinate manner.

In most systems, bacteria synthesize low molecular weight chemicals called autoinducers that are typically secreted outside of the bacterial cells. When the bacterial cells population increases, the extracellular level of the autoinducers also increases until it exceeds some threshold level, binds to bacterial cellular receptors and triggers a signal transduction cascade thereby causing population-wide changes in bacterial gene expression with the actions of a unified group of cells, e.g. at a certain cell density a bacterial plant pathogen may begin to become more virulent (Huang et al. [@CR72]). Disrupting this quorum sensing (Chan et al. [@CR28]; Pei and Lamas-Samanamud [@CR103]) (i.e. signaling amongst pathogens) can thwart the pathogen from becoming increasingly virulent and prevent it from inhibiting plant growth. There are a number of biological means of quenching the phenomenon of quorum sensing. One way is to utilize a PGPB that produces an enzyme called a lactonase that degrades the pathogen-produced autoinducer and pretreat plant seedlings (when they are most sensitive to many pathogens) with this PGPB, especially in situations where a particular bacterial pathogen is known to be particularly problematic (Glick [@CR57]). While this is a clever strategy that has been successful in lab, it has not yet been successfully tested in field.

Bacteriophages {#Sec20}
--------------

Some bacterial phytopathogens may be lysed by specific bacteriophages, or bacterial viruses (Frampton et al. [@CR46]). For this approach to work, the target bacterial phytopathogen must be unequivocally identified down to the strain level. Subsequently, it is possible to isolate and thoroughly characterize several different bacteriophages that can lyse only the target pathogen without affecting any other bacterial strains. To kill the target bacterial phytopathogen, the bacteriophages are sprayed onto an infected plant as a mixture of two or three different bacteriophage strains all directed against the targeted bacterial pathogen (Glick [@CR57]). The use of a mixture of bacteriophage strains decreases the possibility that bacteriophage-resistant mutants of the target pathogen will develop. This is because of the different binding sites of the bacteriophages on the surface of the bacterial pathogen.

Since most bacteriophages are quite sensitive to UV light (Buttimer et al. [@CR25]), they are typically sprayed onto plants at dusk when the UV light intensity is low. Notwithstanding this precaution, some bacteriophages need to be applied weekly, or even daily, to be effective. At the present time, a few bacteriophage-based biocontrol agents have been licensed for use, e.g. for the bacterial pathogen *Xanthomonas campestris* pv. *vesicatoria* which causes bacterial spot of tomatoes and peppers, *Pseudomonas syringae* pv. *actinidae* which causes canker disease in kiwi fruit, and *Pseudomonas syringae* pv. *tomato*, which causes bacterial speck on tomatoes (Peitl et al. [@CR104]; Yu et al. [@CR147]).

The earliest reports of phages as biocontrol agents are presented in the studies of Coons ([@CR34]), Kotila and Coons ([@CR34]), and Moore ([@CR96]). Depending on their life cycle, they can be lytic phages which destroys host bacterial cells or lysogenic phages which incorporate their genome into that of the host and replicate without affecting the host bacterial cell. The treatment of bacterial infections with phages is known as phage therapy (Álvarez and Biosca [@CR10]). It is a promising method for combating plant wilt diseases as it has been successfully used in treating plant phytopathogenic diseases (Bae et al. [@CR15]; Balogh et al. [@CR16]; Frampton et al. [@CR47]; Fujiwara et al. [@CR49]). More discussions on bacteriophages as biocontrol agents have been elaborately reviewed in the work of Buttimer et al. ([@CR25]), and others such as Abedon et al. ([@CR1]); Doss et al. ([@CR43]); Jones et al. ([@CR77]); O'Brien ([@CR100]) etc.

Conclusions and future prospects {#Sec21}
================================

The world that can support only a limited number of people. Unless new sustainable agricultural approaches and technologies are soon developed, food availability in the next 50 years approximately might be a great challenge for the growing population. To address this problem, one of the approaches that might be undertaken is the more widespread use of PGPB, initially in addition to, and possibly eventually instead of, the current use of agricultural chemicals.

The last 30--40 years have seen researchers developed an exhaustive, precise understanding of how PGPB facilitate plants growth so that the more widespread application of these organisms has now become feasible. For example, in the studies of Ali et al. ([@CR8]), Álvarez and Biosca, ([@CR10]) among others show the successful applications of PGPB in plant growth promotion. The latter using bacteriophages in biocontrol while the former shows the activities of PGPB in reduction of stress. However, in order to make this approach a worldwide reality, a number of steps must be undertaken. (1) New and improved techniques for the large-scale growth, storage, shipping, formulation and application of plant growth-promoting bacteria need to be developed. (2) Reasonable, safe, efficacious and consistent regulations for the use PGPB need to be developed in all countries of the world so that the technology may readily be transferred from one country to another. Also, unnecessary regulatory hurdles need to be kept to a minimum. (3) Broadly-based campaigns of public education regarding the nature of PGPB need to be initiated so that the public comes to understand that these bacteria are not sources of disease but are natural products playing a positive role. (4) Following additional fundamental work to better understand PGPB and their biochemistry, genetics and physiology, scientists, laymen and regulators need to accept that "optimal" PGPB strains may require some genetic manipulation and that the use of such genetically manipulated strains will not present any new hazards or risks to humans or the environment. (5) It is likely that different crops and varying situations will necessitate the use of PGPB that are either rhizospheric or endophytic. It will be necessary to delineate those situations where either rhizospheric or endophytic PGPB strains are most appropriate so that the most effective combination of plant and PGPB can always be applied. (6) Given that the growth of more than 90% of crop plants is enhanced by the plants' interaction with mychorrhizae, it is necessary to develop a much better understanding of how PGPB and mychorrhizae interact in a way that optimally promotes plant growth. (7) As much as possible, this technology should be kept in the public domain so that a few large companies do not end up owning all of the key technology.

While there is still a lot more basic and applied work to be done, application of PGPB are already a success, on a relatively small scale, in several countries. If scientists, and the agencies that fund their work, direct their efforts toward addressing the above-mentioned and related issues, there is every reason to expect that agricultural practice worldwide can become both sustainable and highly efficacious. We are on the verge of a major paradigm shift in agriculture, a shift that should benefit both the developing and the developed world.
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